Both the fission yeast Schizosaccharomyces pombe and the budding yeast Saccharomyces cerevisiae are popular model organisms, and studies using these models have provided many informative clues for solving fundamental biological questions [1] , such as DNA replication, cell cycle regulation and gene transcription. Since the completion of genome sequencing of these fungi [2, 3] , systematic genetic modification, e.g. gene deletion, has become possible, and genome-wide phenotypic screening for gene function has been widely carried out. For example, Askree et al. and Gatbonton et al. examined the telomere-length change in about 4 800 non-essential gene deletion mutants of S. cerevisiae, and found that about 250 genes are involved in telomere-length regulation [4, 5] .
Telomeres are nucleoprotein structures at the ends of linear eukaryotic chromosomes. They help to protect the ends of linear chromosomes from nucleolytic degradation and end-to-end fusions, and provide an effective way to replicate chromosomes completely [6] . Telomeric DNA is composed of highly repetitive sequences. In S. pombe, each telomere contains approximately 300 basepairs of a degenerate repeat sequence in which the most frequently occurring motif is TTACAGG, with a consensus sequence of TTAC(A)(C)G 2-8 [7] . Some S. pombe strains have a homologous telomere-associated sequence (TAS) adjacent to the telomeric-repeat sequence at all six telomeres, whereas other strains contain a TAS in five of six telomeres [8] . Telomeric DNA is usually elongated by a specialized reverse transcriptase, called telomerase, that uses its intrinsic RNA subunit as a template [6] . Fission yeast telomerase is composed of the catalytic subunit Trt1, the RNA template TER1, and an accessory protein subunit Est1 [7] . In addition to telomerase, other proteins and their complexes involved in telomere-length regulation include Poz1, Pot1-Tpz1-Ccq1 complex, Taz1-Rap1 complex [9] and Stn1-Ten1 complex [10] . To systematically search for genes that affect telomeres, we have performed Southern blot analysis to examine telomere-length changes in a collection of 2 814 haploid deletion strains of S. pombe (see Supplementary information, Data S1). We report here that 168 genes affect the telomere length when they are individually deleted.
The genomic DNA isolated from individual mutant strain was digested with EcoRI restriction enzyme, and hybridized with a TAS1 subtelomeric probe [8] . The terminal restriction fragments of telomeres showed a distinctive band of about 1 kb on average that contained about 757 bp of subtelomeric repeat and approximately 300 bp of telomeric TTAC(A)(C)G 2-8 repeats ( Figure 1 ) [8] . In addition, there were two major fragments of about 6-8 kb, which might be the specific subtelomeric fragments, representing a unique telomeric restriction pattern of this strain [8] . The band of 3 kb in Figure 1B detected by a different probe of mis4 serves as an internal control, because its molecular weight remains constant in various deletion mutants.
To identify the genes that affect telomere length, we have carried out four rounds of screening. In the first round, 831 strains in the deletion mutant set with noticeable telomere-length change were selected. In the second round, 410 deletion mutants were deemed to show reproducible telomere-length change. Then these mutants were retested by at least two additional rounds of reisolating their DNA and doing telomere blots to confirm the telomere-length alteration. After these stringent tests, the number of genes that regulate telomere length was reduced to 168, including 9 known telomere regulators, as listed in bold in Supplementary information, Table S1 . Among these haploid deletion mutants, 17 strains had shorter telomeres, and 151 mutants had longer telomeres compared to wild-type cells. Because many of them exhibited some variation during repeated telomere-blot analyses, the telomere phenotypes were considered from all telomere blot analyses before a gene was categorized to a specific functional group shown in Supplementary information, Table S1 . A representative Southern blot from the screen is shown in Figure 1B Figure S1 ). The average telomere length for the deletion mutants was calculated relative to wild-type length, and was grouped into the following categories: slightly short (< 50 bp shorter than wild type, SS); short (50-150 bp, S); very short (> 150 bp, VS); slightly long (< 50 bp longer than wild type, SL); long (50-150 bp, L); and very long (> 150 bp, VL) (Supplementary information, Table S1 ). Surprisingly, a great majority of the 168 mutants exhibited longer than normal telomeres (151 longer versus 17 shorter), which is the opposite of what has been reported in S. cerevisiae [4, 5] . It remains unclear whether this represents a characteristic of telomere regulation in S. pombe. Interestingly, 22 deletion mutants, including 9 known telomere regulators, displayed either "very long" or "very short" telomere phenotype (Supplementary information, Table S1 ). PCRsequencing analysis was performed to verify the identity of the 18 mutants highlighted by red letters in Supplementary information, Table S1 which have significant telomere phenotype. Except for some sequence-orphan genes and other conserved hypothetical ones, these genes, as those in S. cerevisiae, were categorized into different functional groups based on the Gene Ontology database (listed in Supplementary information, Table S1 ), including DNA replication/repair/recombination, chromatin modification/remodeling, RNA metabolism and transcription, cell cycle regulation, vesicular traffic, organelle organization and biogenesis, etc. According to previous reports, 29 genes are known to directly regulate telomere length (http://old.genedb.org/genedb/pombe/). Among those, 9  (including est1, trt1, pku80, rap1, rif1, pmt3, poz1, ccq1 , bqt1) were recovered in our screening (Supplementary information, Table S1 ), thus validating our screening; 11 are not in the Bioneer library. The failure to recover the other nine known mutants might be the result of strain background differences or the more stringent criteria we used for assessing the phenotype. In addition to the genes that directly affect telomere maintenance or DNA replication, genes such as pst2 and snf5 that are involved in histone modification, chromatin remodeling and nucleosome assembly were also found to affect telomeres (Supplementary information, Table S1 ). Interestingly, 15 genes of the 168 candidates (as listed in Supplementary information, Table S2 ), whose deletion changed the telomere length, had their counterparts in S. cerevisiae that have been found to regulate the length of telomeres [4, 5] . It requires further validation whether these genes directly contribute to telomere maintenance.
In summary, the S. pombe Deletion Mutant Library has provided us an opportunity to perform a genomewide screening for genes involved in telomere-length regulation. Our screen has uncovered 159 genes whose roles in telomere regulation have not been reported previously. Our results may provide new clues to how these dynamic pathways integrate to regulate the homeostasis of telomeres.
